Enteropathogenic Escherichia coli (EPEC) and enterohemorrhagic E. coli (EHEC) adhere to the intestinal mucosa and produce an attaching and effacing (AE) lesion in the, brush border microvillous membrane; the AE lesion is characterized by localized destruction of microvilli and intimate attachment of bacteria to the apical enterocyte membrane. A similar lesion is seen when bacteria adhere in vitro to a variety of human tissue culture cell lines. In both cases, dense concentrations of microfilaments are present in the apical cytoplasm beneath attached bacteria. Using a fluorescein-labeled phallotoxin, we have shown that these microfilaments are composed of actin. Cells infected with EPEC and EHEC strains known from electron microscopic studies to produce the AE lesion all exhibited intense spots of fluorescence which corresponded in size and position with each adherent bacterium; cells infected with adherent E. coli strains known not to produce the AE lesion did not produce this striking pattern of fluorescence and were indistinguishable from uninfected control cells.
Enteropathogenic Escherichia coli (EPEC) are diarrheagenic E. coli belonging to serogroups traditionally associated with outbreaks of infantile enteritis (21) and which remain a significant cause of infant diarrhea in the developing world (13) . EPEC do not possess well-characterized virulence properties, such as production of heat-labile and heat-stable enterotoxins or mucosal invasion, although adhesion to the small intestinal mucosa in a characteristic attaching and effacing (AE) manner is thought to be important for their pathogenesis (22) . The AE lesion is characterized by intimate attachment of bacteria to the apical enterocyte membrane and localized destruction of brush border microvilli (23, 26) . A similar lesion is produced by enterohemorrhagic E. coli (EHEC) in the large bowel (25) and by EPEC strains when they adhere to tissue culture cells in localized microcolonies (7) . E. coli producing such a striking histopathological lesion has been termed AE E. coli (AEEC) (17) .
A less commonly emphasized feature of the AE membrane lesion in both intestinal mucosa and tissue culture cells is the presence of dense concentrations of microfilaments in the apical cytoplasm beneath attached bacteria. We have previously suggested that these microfilaments are composed of actin and result from AEEC-induced disruption of the brush border. or apical cell cytoskeleton during formation of the lesion (9) . To test this, we examined by fluorescence microscopy the distribution of filamentous actin in tissue culture cells infected with AEEC and non-AEEC strains. Not only do our observations confirm the presence of high concentrations of filamentous actin within the AE lesion, but they also show that fluorescence staining of actin provides a highly sensitive test for the AE lesion and thus for EPEC and EHEC.
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MATERIALS AND METHODS
Bacterial strains. The characteristics of the strains used in the study are shown in Table 1 . Included were well-characterized AE EPEC strains (9) , non-AEEC strains belonging to classical (9) and nonclassical (11) , EPEC 0 serogroups, EHEC, enteroinvasive E. coli (EIEC) (11) , and enteroadherent E. coli (EAEC) (16) . EPEC E2348 possesses a 60-megadalton plasmid, pMAR2, which encodes localized adhesion to tissue culture cells (1) . This property has been termed EPEC adherence factor (EAF) (20) . pMAR15 is a derivative of pMAR2 in which genes nonessential for tissue culture cell adhesion have been deleted. The construction of plasmid-cured E2348 and plasmid transformant E. coli HB101(pMAR15) have been described previously (7) . Stock cultures of the strains were subcultured into Mueller-Hinton broth and incubated aerobically for 18 h at 370C. 
RESULTS
EPEC and EHEC produce a characteristic AE lesion when they adhere to intestinal mucosa in vivo (Fig. 1A) and to tissue culture cells in vitro (Fig. 1B) . Electron microscopic studies have routinely revealed dense concentrations of microfilaments beneath AE bacteria, and we have previously suggested that these short microfilaments are composed of actin and arise during EPEC-induced disruption of the apical cell cytoskeleton and formation of the AE lesion (9) . To test this possibility, HEp-2 cells and HEp-2 cells infected with AEEC strain E2348 were fluorescence stained with fluorescein isothiocyanate-phalloidin, a phallotoxin which binds specifically to polymerized actin (27) . The fluorescence from control cells was predominantly localized at the cell periphery and in stress fibers ( Fig. 2A) . EPECinfected cells displayed the same pattern of fluorescence staining, but in addition, there were intense spots of fluorescence at the apical cell surface which, on comparison with a complementary phase-contrast image, were seen to correspond in size and position with each adherent bacterium ( Fig. 2C and D) . Complementarity of actin fluorescence and bacterial position was also demonstrated by simultaneously recording fluorescence and phase-contrast images (Fig. 2B) .
Because the AE lesion, and thus the strong fluorescence, occurs at the apical cell surface and because HEp-2 cells do not spread out very thinly, preparations generally had to be examined with most of the cell out of focus. This frequently made direct comparison of phase and fluorescence micrographs difficult. We therefore explored the possibility of using a human tissue culture cell line that spreads out more thinly for these studies. We have previously shown that classical EPEC strains which adhere to HEp-2 cells also adhere in an identical manner to HEL cells (unpublished results). Since HEL cells spread out very thinly, they were found to be more appropriate and subsequently were used for further studies.
Preliminary observations with EPEC strain E2348 suggested that fluorescence staining of cytoskeletal actin could be diagnostic for the AE membrane lesion. To confirm this, we examined 10 classical EPEC strains from serogroups 055, 086, 0111, 0114, 0119, 0125, 0126, 0127, 0128, and 0142 which we knew from electron microscopic studies produced the AE lesion (9) . For controls, we examined 10 E. coli strains which adhered to cultured HEL cells but which by electron microscopy were not AEEC. All 10 classical EPEC strains showed good localized adhesion (LA) to HEL cells and were positive in the fluorescence actin staining (FAS) test, i.e., gave intense fluorescence at sites of bacterial attachment (Table 1 ; Fig. 3A and B). With some strains, the number of intense fluorescence spots was less than the number of adherent bacteria seen by phase-contrast microscopy ( Fig. 3C and D) . This is consistent with previous observations that not all bacteria within an adherent microcolony are attached to the cell surface; some bacteria adhere to each other (9) . The EPEC strain E2348 adheres to HEp-2 cells and produces an AE lesion (9) (Fig. 1B) . We (7) and others (1) (12) . The 018ac and 044 strains examined displayed DA and AA, respectively, and were negative in the FAS test (Table 1) . EPEC strain E12801
(0114:H2), on the other hand, has been shown to be an AEEC (9, 17) and to cause diarrhea in human volunteers (14) . This strain, which has also previously been reported to .: :--.;
.f.11.11
::::. in the large bowel (25) ; there have been contradictory reports about their adhesion to tissue culture cells (6, 24) . We examined two verotoxin-producing EHEC strains isolated from patients with hemorrhagic colitis, and both showed LA to HEp-2 and HEL cells and were positive in the FAS test (Fig. 6A and B) . EPEC strains of serogroup 026 have been reclassified as EHEC (15) . The 026 strain tested was weakly adhesive to HEL cells and positive in the FAS test (Fig. 6C and D) . Because EHEC strains colonize the large bowel, we also tested CaCo-2 cells, a differentiated human colon carcinoma cell line (5) (Fig. 7A) , as a possible in vitro model of EHEC adhesion. The EHEC strains examined did not adhere to CaCo-2 cells. However, EPEC strains showed. good LA to CaCo-2 cells, produced AE lesions detected by electron microscopy (Fig. 7B) , and were positive in the FAS test (Fig. 7C and D) .
Concentrations of actin beneath the plasma membrane of HeLa cells have been reported during invasion of shigellae (3) . In this study, we examined an EIEC strain which we have previously shown to be invasive for HEp-2 cells and human colonic mucosa (10) . After a 3-h incubation with EIEC, many cells had numerous internalized bacteria. There was a slight increased fluorescence, and thus concentration of actin, in areas of the cell containing internalized bacteria, but this could not be confused with the striking fluorescence caused by AEEC ( Fig. 8A and B) .
DISCUSSION
In the absence of tests for specific virulence properties, serotyping remains the main diagnostic test for EPEC. Adhesion to tissue culture (HeLa and HEp-2) cells has proved to be a useful test for many EPEC (4), and so has a gene probe for EAF, which is plasmid encoded (18) . However, not all EPEC strains adhere to tissue culture cells or possess EAF plasmids (12) The actin fluorescence test also has some advantages over the EAF gene probe test for EPEC in that AEEC can be identified among EAF-negative E. coli. This is important given that not all EPEC strains are EAF positive and given the high rate of plasmid loss (66%) seen in human volunteers infected with EAF-positive EPEC (20) . If the same occurs in infants with EPEC infections, then there must be a high probability that isolated stool E. coli will be EAF negative, even though the original pathogen was EAF positive. In one study, the EAF probe was found to hybridize with 75% of E. coli strains identified as suspect EPEC by multistep 0 serogrouping (12 EAF-negative E. coli strains of the less-common EPEC serogroups 018ac, 044, 0112, and 0114 have been termed class II EPEC (18) . Class II EPEC strain E12801 (0114:H2) is known to cause diarrhea and to be an AEEC but was reported to be HEp-2 cell nonadherent (20) . In this study, we confirmed that E12801 is an AEEC and showed it to be HEp-2 and HEL cell adherent. Since many 0114 E. coli are EAF positive (2) , this serogroup should perhaps be included with other EAF-positive class I EPEC strains. EPEC strain E2348 cured of its EAF plasmid is still an AEEC (9) and has been shown to cause diarrhea in volunteers, albeit less severely than the wild-type strain (14) . 
